Invasion and intracellular replication of
The Legionnaires' disease bacterium, Legionella pneumophila, is a common etiologic agent of bacterial pneumonia (13, 23, 38, 53) . Upon transmission to individuals through aerosols generated in the environment, the bacteria invade and replicate within pulmonary macrophages and epithelial cells (20, 31, 39) .
In the environment, L. pneumophila is a parasite of at least 13 species of amoebae and ciliated protozoa (reviewed in ref- erence 24) . In many outbreaks of Legionnaires' disease, the bacteria and protozoa have been isolated from the same water source, and the isolated protozoa have been shown to support intracellular multiplication of the bacterial isolate (10, 16, 26, 37) . Additionally, in many confirmed cases of Legionnaires' disease, the bacterium could only be isolated by its capacity to multiply within protozoa (8, 18, 28, 47) .
Rowbotham has postulated that the infectious particle involved in transmission of Legionnaires' disease is L. pneumophila-infected amoebae (44) . Several lines of evidence indicate that protozoa play major roles in the continued presence of L. pneumophila in the environment as well as in the infectivity of the bacteria to humans. Intracellular replication of L. pneumophila within protozoa increases bacterial resistance to harsh environmental conditions, which may allow the bacteria to survive extracellularly for prolonged periods of time in the environment (6, 11, 12) . Interestingly, it has been recently shown that viability and infectivity of nonculturable L. pneumophila can be "resuscitated" by intracellular replication within protozoa (45) . Moreover, intracellular multiplication within protozoa enhances the infectivity of L. pneumophila to humanderived cells (21) . These observations may explain why Legionnaires' disease is not transmitted between individuals and why transmission occurs despite the presence of low numbers of L. pneumophila from the source of aerosol (14, 22, 40) .
The hallmark of L. pneumophila infection of humans is the intracellular survival and replication of the bacteria within macrophages in a rough endoplasmic reticulum (RER)-surrounded phagosome (2, 24, 31) . The intracellular infection of protozoa is similar to that of macrophages at the ultrastructural and molecular levels (1, 29) . In addition, diaminopimelic acid auxotrophs of L. pneumophila are defective in intracellular growth within mammalian and protozoan cells (30a) . During intracellular replication, changes in bacterial gene expression are manifested (2-4, 6, 7, 48) . Although protein synthesis by the RER is not required for intracellular bacterial replication (2), the role of the RER in intracellular survival is not known.
The mechanisms involved in intracellular trafficking leading to survival and replication of the bacterium within mammalian and protozoan cells are not yet known. Several lines of evidence indicate that the fate of some intracellular pathogens is determined by the route of entry and the specific host cell receptor involved, which may trigger different host cell signal transduction mechanisms (9, 32, 35) . We have recently shown that uptake of L. pneumophila by the protozoan Hartmannella vermiformis is mediated by the Gal/GalNAc lectin receptor and is associated with tyrosine dephosphorylation of this receptor (52) . In this report, we extended our studies on the host cell processes involved in uptake of L. pneumophila to another protozoan host, Acanthamoeba polyphaga, and compared its host cell response to that of H. vermiformis. The attachment and subsequent cross talk between L. pneumophila and its hosts may play a role in the intracellular fate of the bacterium.
Uptake of L. pneumophila by the protozoan H. vermiformis has been proposed to occur through a microfilament-independent but receptor-mediated mechanism (36) , but the processes involved in bacterial uptake by other protozoan hosts have not been reported. This paper describes the investigation of the different mechanisms utilized for the attachment and uptake of L. pneumophila by two protozoa, H. vermiformis and A. polyphaga.
MATERIALS AND METHODS
Bacterial strains. The virulent AA100 strain of L. pneumophila has been described previously (3, 5) . The L. pneumophila mutants used in this study (GF162, GG104, GB112, GM128, GO128, GP65, GQ262, and GT251) were generated by mini Tn10::kan transposon mutagenesis of the AA100 strain (29, 30) . Southern hybridizations were used to confirm that these mutants contained distinct insertions in their chromosomes (29) . L. pneumophila were grown on buffered charcoal yeast extract (BCYE) agar plates. Growth of the insertion mutants was on BCYE medium with 20 g of kanamycin (Sigma Chemical Co., St. Louis, Mo.)/ml.
Protozoan culture. Axenic A. polyphaga was obtained from B. S. Fields (Centers for Disease Control and Prevention, Atlanta, Ga.) and cultured as adherent cells in peptone-yeast-glucose medium (15) . H. vermiformis CDC-19 (ATCC 50237) has been cloned and grown in axenic culture as a model for the study of the pathogenesis of L. pneumophila (25) . This strain has been isolated from a water source of an outbreak of nosocomial Legionnaires' disease in a hospital in South Dakota, and its presence in the potable water sites correlated with the presence of the epidemic strain of L. pneumophila (16, 25) . H. vermiformis was maintained in ATCC culture medium 1034 (5, 25) .
Detection of tyrosine-phosphorylated proteins in H. vermiformis and A. polyphaga upon contact with L. pneumophila. Amoebae were incubated overnight in culture flasks in serum-free axenic medium or PYG medium for H. vermiformis and A. polyphaga, respectively. The amoebae were harvested by centrifugation and were resuspended in the corresponding fresh medium. Aliquots of ϳ2 ϫ 10 7 amoebae/ml were infected by 10 9 L. pneumophila. At several time intervals of coincubation at 37°C, amoebal cell lysates were prepared for Western blotting as described below.
Preparation of cell lysates and Western blotting. After incubation of amoebae with L. pneumophila, infections were stopped by using cold stop buffer (1X PBS, pH 7.2) containing the phosphatase inhibitors NaF (5 mM) and Na 3 VO 4 (1 mM) (Sigma Chemical Co.). Cells were washed three times with cold stop buffer and pelleted by low-speed centrifugation at 735 ϫ g for 2 min. The supernatant containing bacteria was discarded, and amoebae were lysed by using cold 1% Triton X-100 lysis buffer (20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 2 g of leupeptin/ml, and 2 g of aprotinin/ml). The soluble and insoluble fractions were separated by centrifugation at 16,000 ϫ g for 30 min at 4°C in a microcentrifuge. Proteins from soluble fractions were resolved by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis under reducing conditions. The transfer of proteins onto Immobilon-P membranes (Millipore, Bedford, Mass.) was performed in a Bio-Rad transfer cell (Bio-Rad, Hercules, Calif.) for 1.5 to 2 h with 0.2 M Tris-0.025 M glycine buffer containing 20% (vol/vol) methanol. After transfer of proteins, membranes were incubated for 30 min in a blocking buffer containing 1.5% bovine serum albumin. Membranes were probed with antiphosphotyrosine antibody conjugated to horseradish peroxidase (RC-20) according to the manufacturer's recommendations (Transduction Laboratories, Lexington, Ky.). The blots were developed by using an enhanced chemiluminescence kit (DuPont NEN, Boston, Mass.) according to the manufacturer's instructions. The specificity of the RC-20 antibody for protozoan phosphotyrosine-containing proteins was confirmed by Western blots probed with another antiphosphotyrosine antibody, clone 4G10 (Upstate Biotechnology Inc., Lake Placid, N.Y.) followed by a horseradish peroxidase-P conjugated goat anti-mouse secondary antibody (Santa Cruz Biotechnology Inc., Santa Cruz, Calif.) (data not shown).
Inhibition of L. pneumophila uptake by sugars. Infection of amoebae with L. pneumophila was performed exactly as described previously (5) . To analyze the effects of different sugars on invasion of amoebae by L. pneumophila, infections were performed in triplicate in the presence of a 100 mM concentration of the following sugars: galactose (Gal), N-acetyl-D-galactosamine (GalNAc), glucose, lactose, and mannose (Sigma). Sugar solutions were prepared in the medium used to maintain each of the amoebae.
The effects of the sugars on invasion were investigated by gentamicin protection invasion assays. In these assays, A. polyphaga or H. vermiformis was suspended in its respective medium at a concentration of ϳ10 7 /ml. Amoebae were incubated in triplicate in the presence of different sugars for 15 min prior to infection. L. pneumophila was added to a final concentration of 10 8 /ml. The samples were incubated at 37°C for 4 h followed by the addition of 50 g of gentamicin/ml for 1 h to kill extracellular bacteria. Intracellular bacteria are protected from this antibiotic. The amoebae were washed with medium and lysed by the addition of a mild detergent (0.04% Triton X-100). Lysis of the amoebae was monitored microscopically and was complete within 1 min. This treatment had no significant effect on the viability of the bacteria (data not shown). Dilutions were plated on BCYE plates for colony enumeration. The percent invasion was calculated by dividing the number of CFU in the presence of each sugar by the number of CFU in the absence of the sugar.
The effects of the sugars on invasion of amoebae by L. pneumophila were also determined by examination of the growth kinetics of L. pneumophila within H. vermiformis and A. polyphaga in the presence of each sugar. Amoebae were incubated in the presence of each sugar for 15 min prior to infection with L. pneumophila. At several time intervals after infection (1, 3, 5, and 7 days), amoebae were lysed as described above, and samples were diluted and plated on BCYE plates for colony enumeration. The percent invasion was calculated as described above.
Uptake of L. pneumophila by amoebae in the presence of inhibitors of cytoskeletal integrity. Infection of amoebae with L. pneumophila was performed exactly as described previously (5) . To analyze the effects of inhibitors of cytoskeletal function on the uptake of L. pneumophila, amoebae were incubated in the presence of each inhibitor for 1 h prior to infection. The inhibitors used were 2 M cytochalasin D (microfilaments) and 10 M colchicine (microtubules) (Sigma). Following a 3-h infection, extracellular bacteria were killed by the addition of 50 g of gentamicin/ml, and intracellular bacteria were plated for enumeration on BCYE plates.
Infection of A. polyphaga by L. pneumophila in the presence of cycloheximide. To assess the effect of cycloheximide on the uptake of L. pneumophila by A. polyphaga, ϳ10
7 A. polyphaga was pretreated for 3 h with 200 g of cycloheximide/ml to inhibit protein synthesis. Amoebae were infected with ϳ10 8 L. pneumophila for 4 h in the presence of cycloheximide. Cycloheximide has no detectable effect on the viability or gene expression of L. pneumophila (5) . Subsequently, nonadherent bacteria were removed by extensive washing, and extracellular bacteria were killed by gentamicin, as described above. Intracellular bacteria were recovered after lysis of the amoebae and were plated on BCYE for colony enumeration, as described above.
Attachment of L. pneumophila mutants to H. vermiformis and A. polyphaga. H. vermiformis was infected with eight different miniTn10::kan insertion mutants that are defective in attachment to human-derived U937 macrophages (29) . To assess the ability of the mutant strains to adhere to A. polyphaga and H. vermiformis, 5 ϫ 10 5 amoebae were infected for 20 min in triplicate with 10 7 bacteria of each mutant. Infections were carried out in the presence of 10 mM methylamine to prevent internalization of the bacteria (36) . The amoebae were washed three times to remove unattached bacteria and were subsequently lysed with a mild detergent (0.04% Triton X-100). Dilutions were plated on BCYE. Adherence of the mutants was measured by comparison to the adherence of the wild-type strain, AA100, to amoebae in the same assay. To ensure that the inhibitors were effective in the inhibition of uptake, control monolayers infected in the presence of the inhibitor were treated with gentamicin to kill extracellular bacteria. The data showed that methylamine inhibited uptake by A. polyphaga and H. vermiformis by approximately 98% (data not shown).
RESULTS
Effects of sugars on the ability of L. pneumophila to invade A. polyphaga and H. vermiformis. We used two strategies to investigate the roles of several sugars in blocking the attachment and invasion of amoebae by L. pneumophila. First, a gentamicin protection invasion assay was utilized to measure invasion of amoebae in the presence of various sugars (see Materials and Methods). Our data showed that the presence of specific sugars had different effects on bacterial uptake by A. polyphaga and H. vermiformis. Incorporation of 100 mM Gal or GalNAc in the infection assay had a dramatic effect on invasion of H. vermiformis by L. pneumophila (Fig. 1A) . These sugar monomers were able to block uptake of L. pneumophila by H. vermiformis by ϳ70 and 89%, respectively. Gal and GalNAc are not toxic to amoebae, and their inhibition of uptake of L. pneumophila is specific, dose dependent, and reversible (52) . Other sugars (glucose, mannose, and lactose) at a concentration of 100 mM had no detectable effect on the uptake of L. pneumophila by H. vermiformis (Fig. 1A and data not shown).
In contrast, Gal and GalNAc had slight effects on the uptake of L. pneumophila by A. polyphaga (Fig. 1B) . These data showed that uptake of L. pneumophila by H. vermiformis but not by A. polyphaga is dramatically blocked by Gal and GalNAc.
Second, a growth kinetics assay was performed in the presence of the above sugars. The data confirmed our results obtained from the gentamicin protection invasion assays. Over the 7-day infection, 100 mM Gal or GalNAc caused a dramatic reduction or a complete inhibition in the growth kinetics of L. pneumophila within H. vermiformis (Fig. 2A) . The inhibition of uptake of L. pneumophila by H. vermiformis in the presence of Gal or GalNAc is specific, reversible, and dose dependent (52) . Other sugars (glucose, mannose, and lactose) at a concentration of 100 mM had no detectable effect on the uptake of L. pneumophila by H. vermiformis (Fig. 1A and data not shown) .
In contrast, parallel experiments performed with A. polyphaga showed that the presence of Gal or GalNAc caused a slight reduction in the growth kinetics of L. pneumophila (Fig.  2B) . These data confirmed the distinct difference in the effects of Gal and GalNAc on the uptake of L. pneumophila by H. vermiformis and A. polyphaga.
Protein tyrosine phosphorylation in A. polyphaga and H. vermiformis upon attachment to L. pneumophila. Tyrosine phosphorylation of host proteins has been shown to be important in the uptake of many intracellular pathogens (27, 33, (41) (42) (43) 49) . We have recently shown protein tyrosine dephosphorylation in the protozoan H. vermiformis upon attachment and invasion by L. pneumophila (52) . In this report, we extended our studies to another protozoan host, A. polyphaga, and compared its host cell response to that of H. vermiformis. First, we examined host cell signaling events in H. vermiformis and A. polyphaga upon contact with their bacterial parasite, L. pneumophila. We utilized Western blots of amoebal proteins to examine the status of tyrosine phosphorylation of host proteins in resting amoebae and following contact with L. pneumophila. Examination of H. vermiformis cell lysates showed several proteins that were tyrosine phosphorylated in resting amoebae (Fig. 3A , lane 1) that underwent a time-dependent and reversible dephosphorylation upon contact with L. pneumophila. Dephosphorylation of several H. vermiformis proteins, including those with apparent molecular masses of 190, 170, 130, and 70 kDa, was prominent and evident as early as 5 min (Fig. 3A, lane 2) , and was complete by 15 min (Fig. 3A, lane 3) , confirming our previous observations (52) .
To compare the host cell response in H. vermiformis to that of another protozoan host, we also examined the pattern of protein tyrosine phosphorylation in resting A. polyphaga and upon attachment and invasion by L. pneumophila. Many tyrosine-phosphorylated proteins were detected in resting A. polyphaga (Fig. 3B) . The pattern of tyrosine-phosphorylated proteins in A. polyphaga was distinctly different from that in H. vermiformis. However, in contrast to H. vermiformis, there was only a slight tyrosine dephosphorylation of a 170-kDa protein in A. polyphaga upon contact with L. pneumophila. These data demonstrated major differences in triggering the biochemical events involved in the attachment, and possibly the subsequent uptake, of L. pneumophila by the two amoebae.
Effects of inhibitors of cytoskeletal integrity on uptake of L. pneumophila by amoebae. To further characterize the differences in the mechanisms of uptake of L. pneumophila by H. vermiformis and A. polyphaga, the effects of two inhibitors of cytoskeletal function (cytochalasin D and colchicine) on uptake of L. pneumophila were examined by gentamicin protection invasion assay. After pre-incubating the amoebae with each inhibitor for 3 h, infections were performed for 3 h. Subsequently, extracellular bacteria were killed, and the number of intracellular bacteria was determined. The data showed no detectable effect by either inhibitor on the uptake of L. pneumophila by A. polyphaga (Fig. 4) . Similar results were obtained from H. vermiformis infected with L. pneumophila in the presence of these inhibitors (data not shown). These data indicated that the uptake mechanisms of L. pneumophila by the two amoebae are independent of microfilaments and microtubules. Our data are consistent with previous observations that the uptake of L. pneumophila by H. vermiformis is independent of the microfilaments (36) . formis and macrophages is known to differ in the requirement for host protein synthesis. Our previous work showed that uptake of L. pneumophila by macrophages is independent of protein synthesis of the host cell (5). In contrast, synthesis of new host proteins is required for uptake of the bacterium by H. vermiformis (5) . We extended these observations to the uptake of L. pneumophila by A. polyphaga. Our data showed that inhibition of A. polyphaga protein synthesis had no detectable effect on uptake of L. pneumophila (Fig. 4) . In contrast, and consistent with our previous observations, inhibition of H. vermiformis protein synthesis completely inhibited the uptake of L. pneumophila (data not shown) (5) . These data further substantiated our observations on the differences in the uptake mechanisms of L. pneumophila by A. polyphaga and H. vermiformis.
Attachment of mutants of L. pneumophila to A. polyphaga and H. vermiformis. We have recently isolated a group of mutants, generated through transposon mutagenesis, that are defective in attachment to A. polyphaga and to U937 human macrophage-like cells (29, 30) . We examined the ability of these mutants to attach to H. vermiformis and compared it to their attachment to A. polyphaga. In these assays, attachments were assessed in the presence of an inhibitor of uptake to prevent internalization of the bacteria (see Materials and Methods). Our data showed that the 10 mutants were severely defective in attachment to A. polyphaga but 4 of them (GP65, GM128, GT251, and GM224) attached at higher levels to H. vermiformis (Fig. 5) . Interestingly, six of the mutants were severely defective in attachment to both A. polyphaga and H. vermiformis, suggesting that some of the bacterial ligands involved in attachment to both protozoa may be similar. These data indicated that L. pneumophila possesses multiple ligands involved in distinct attachment to H. vermiformis or A. polyphaga, and some of these may be involved in attachment to both protozoa.
DISCUSSION
The replication of L. pneumophila within free-living amoebae is believed to be an integral component in the transmission of Legionnaires' disease (24) . It has been hypothesized that the intracellular infections of mammalian and protozoan cells by L. pneumophila are mediated by similar mechanisms (1, 19, 24) . We have recently shown that 89 distinct insertion mutants of L. pneumophila exhibited similar defective phenotypes (severe to modest) in their cytotoxicity and intracellular replication within U937 macrophages and A. polyphaga (29) , thus providing genetic evidence that many of the mechanisms uti- (36) . In this report, we provide evidence that the attachment and uptake of L. pneumophila by the two protozoa, A. polyphaga and H. vermiformis, occur by different mechanisms, adding further complexity to the host-parasite interaction process. First, uptake of L. pneumophila by H. vermiformis is completely blocked by the monovalent sugars Gal and GalNAc, but these sugars partially blocked A. polyphaga. Second, attachment of L. pneumophila to H. vermiformis is associated with a time-dependent and reversible tyrosine dephosphorylation of multiple host proteins. In contrast, only a slight dephosphorylation of a 170-kDa protein of A. polyphaga is detected upon infection. Third, synthesis of H. vermiformis proteins but not of A. polyphaga proteins is required for uptake of L. pneumophila. Fourth, we have identified L. pneumophila mutants that are severely defective in attachment to A. polyphaga but which exhibit minor reductions in attachment to H. vermiformis and, thus, provide a genetic basis for the difference in mechanisms of attachment to both protozoa.
The dramatic inhibition of uptake of L. pneumophila by H. vermiformis compared to that by A. polyphaga in the presence of Gal or GalNAc indicates that the receptors utilized by L. pneumophila to attach to the two amoebae may be different or have different affinities. We have recently identified a 170-kDa Gal/GalNAc lectin as one of the tyrosine-phosphorylated proteins in resting H. vermiformis that undergoes dephosphorylation upon attachment and invasion by L. pneumophila (52) . Whether the slightly dephosphorylated 170-kDa protein in A. polyphaga, as a result of bacterial infection, is related to the H. vermiformis lectin is still to be determined. Therefore, A. polyphaga possesses another receptor or a similar receptor but with lower affinity to which L. pneumophila attaches during the initial steps of interaction. The severe defect in attachment of the L. pneumophila mutant strain GM224 to A. polyphaga, but its normal attachment to H. vermiformis, provides strong genetic evidence for the presence of different receptors on both protozoa for attachment of L. pneumophila. Since these mutants are also defective in intracellular replication (29, 30) , it is unlikely that expression of the recently described pili of L. pneumophila is defective in any of these mutants (46) . Future characterization of the defective ligand in the mutant GM224 will allow us to characterize the host cell receptor involved in attachment.
Attachment of L. pneumophila to H. vermiformis is associated with tyrosine dephosphorylation of multiple host proteins. In contrast, there is only a slight reduction in the level of tyrosine phosphorylation of a 170-kDa protein (which may be related to the Gal/GalNAc lectin of H. vermiformis) in A. polyphaga upon attachment to L. pneumophila. This host cell response may correlate with the relative inhibition of bacterial uptake by Gal and GalNAc sugars, which was less pronounced in A. polyphaga. These data showed a crucial difference in the initial steps involved in attachment and subsequent cross talk between L. pneumophila and two of its protozoan hosts, A. polyphaga and H. vermiformis. Since there are at least 13 species described to be environmental hosts for L. pneumophila (24) , it would be interesting to examine the remarkable adaptation and the differential complexity of the interaction of this intracellular parasite with its numerous environmental protozoan hosts.
The fate of some intracellular parasites may be determined by the specific ligand-receptor interaction and subsequent signal transduction involved in uptake by the host cell (9, 32, 35) . Our observations of tyrosine dephosphorylation of H. vermiformis proteins, including the Gal/GalNAc receptor, upon contact and uptake of L. pneumophila are rather intriguing since conventional phagocytosis is associated with tyrosine phosphorylation of host cell proteins (9, 52) . Interestingly, attachment of many bacterial pathogens to host cell receptors and their exploitation of host cell processes is associated with tyrosine phosphorylation of host cell proteins (27) . We speculate that attachment of L. pneumophila to H. vermiformis is associated with disruption of the classical phagocytic process. Additionally, cross talk between L. pneumophila and H. vermiformis activates host cell signaling pathways that will trigger new protein synthesis in H. vermiformis, which is required for subsequent uptake of L. pneumophila (5) . In contrast, adherence of L. pneumophila to A. polyphaga induces only minor changes in the host tyrosine phosphorylation, indicating that the initial cross talk does not induce the same set of biochemical signaling events seen in H. vermiformis.
Many facultative intracellular pathogens exploit host signal transduction pathways to their own advantage (27) . This exploitation includes induced cytoskeletal rearrangement and subsequent internalization of the bacterium. L. pneumophila invasion of both H. vermiformis and A. polyphaga, however, remains unaffected by inhibitors of the cytoskeleton that are commonly exploited by other bacterial pathogens (27) . Both of these inhibitors have been found to perform their functions in protozoa in ways that are similar to those in mammalian cells (34, 36, 50, 51) . Therefore, our observations confirm previous reports that the mechanisms of invasion of amoebae by L. pneumophila are different from those utilized by other intracellular pathogens to invade their mammalian host cells (5, 27, 36) .
L. pneumophila is transmitted only from environmental sources, where protozoa play a major factor in transmission of Legionnaires' disease (24) . Intracellular replication within protozoa increases the number of L. pneumophila in the environment (24) , resuscitates viability and infectivity of nonculturable bacteria (45) , increases bacterial resistance to harsh environmental conditions (6, 11, 12) , and enhances bacterial infectivity to human cells and A/J mice (17, 21) . Thus, understanding the mechanisms of uptake by protozoa will facilitate the design of measures to prevent uptake of L. pneumophila by protozoa, providing effective preventive approaches for controlling the transmission of Legionnaires' disease.
